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Abstract: Multiple environmental concerns such as garbage generation, accumulation in disposal
systems and recyclability are powerful drivers for the use of many biodegradable materials. Due to
the new uses and requests of plastic users, the consumption of biopolymers is increasing day by day.
Polylactic Acid (PLA) being one of the most promising biopolymers and researched extensively, it is
emerging as a substitute for petroleum-based polymers. Similarly, owing to both environmental and
economic benefits, as well as to their technical features, natural fibers are arising as likely replacements
to synthetic fibers to reinforce composites for numerous products. This work reviews the current
state of the art of PLA compounds reinforced with two of the high strength natural fibers for this
application: flax and jute. Flax fibers are the most valuable bast-type fibers and jute is a widely
available plant at an economic price across the entire Asian continent. The physical and chemical
treatments of the fibers and the production processing of the green composites are exposed before
reporting the main achievements of these materials for structural applications. Detailed information
is summarized to understand the advances throughout the last decade and to settle the basis of the
next generation of flax/jute reinforced PLA composites (200 Maximum).
Keywords: green composite; biopolymer; natural fiber; compression molding; polylactic acid; flax;
jute; tensile strength; impact strength
1. Introduction
Composite materials have received much attention due to their versatile properties, which allow
many applications in a huge number of fields. Composite materials are made up of two or more
materials with considerably different physical and chemical properties. When combined, they make
a material with properties that are different from the individual components. They are composed
of a rigid phase, so-called matrix and the reinforcement, which is a strong load-carrying material.
The strength and stiffness to support the structural load are provided by the reinforcement. The major
benefits of the composite materials, when compared with conventional bulk materials, are their
stiffness and strength relative to their typically low weight. These materials find applications in
various industries like aerospace, automotive, sports, furniture, medical and packaging industries [1].
Various types of composite materials are developed with polymer matrix composites due to the
flexibility, cost and ease of fabrication. Synthetic polymers are used in the production of these
composites and are obtained from petroleum resources. The main limitation of these polymers is their
Polymers 2020, 12, 2373; doi:10.3390/polym12102373 www.mdpi.com/journal/polymers
Polymers 2020, 12, 2373 2 of 29
non-biodegradability, which increases the amount of material that ends up in the landfills causing
pollution [2]. The strict regulations from the government authorities also limit the use of traditional
composite materials. These are usually made of glass, carbon or aramid fibers reinforced with epoxy,
unsaturated polyester resins and polyurethanes. During recent decades, the scientific community has
been looking towards sustainable materials to reduce its impact on the environment [3]. Therefore,
there has been a constant interest in the development of green composites.
2. Green Composites—Historical Perspective
The composites materials prepared by reinforcing biopolymers with natural fibers are referred to
as Green Composites. Coir, flax, sisal, hemp and so forth are examples of natural fibers, while starch and
PLA are examples of biopolymers used for the preparation of Green Composites [4]. The development
of the first green composites dates to the late 1980s. They are not only eco-friendly but also have a
cost comparable to conventional composites. Green composites are not new to mankind and have
existed in ancient times. For instance, they were used in the construction of the Great Wall of China.
Rammed earth was used in the construction of walls during the Qin dynasty. The walls were built using
red willow, reeds, gravel and sand during the time of the Han dynasty [5]. Mongolians in 1200 AD
have used bows made with adhesively bonded laminates of animal horns and tendons, wood or silk.
The usage of natural polymers is not new, as paper and silk were used in the past. From 300 B.C
natural fibers were utilized as reinforcements where the straw was used as reinforcement in clay for
the preparation of a composite bricks and they are in existence still today. [6,7]. It was in 1909 that
Bakelite phenolic molding resin was invented and shortly after the wood flour or string and waste
rages were introduced into brittle resin to form synthetic composites that were used in the radio and
speaker cases [8]. In 1920s, Messrs Cladwell and Clay had used a natural fabric composite to produce
airscrews for airplanes. Until 1930 not much interest was shown for the use of the synthetic composites
in structural applications. By this time, a synthetic composite called Gordon Aerolite was made by De
Bruyne. It was a composite manufactured from the hot pressing of unbleached flax yarn impregnated
with phenolic resin. This material was used to produce the whole main wing spar for the Bristol
Blenheim light bomber and the fuselage of the Supermarine Spitfire fighter aircraft [8].
After World War II the usage of natural fiber composites was significantly reduced as synthetic
polymers were introduced from lower-cost petroleum-based polymers [3]. The search for lightweight
and sustainable materials by aerospace manufacturers at the end of 1990 was concentrated on the
natural fiber-reinforced composites [9]. Hence modern bio-composites appeared. However, the resin
was synthetic and reinforced with natural fibers extracted from renewable resources. That is why
they are also called partially green composites. In recent decades, to reduce the carbon footprint in
the environment, much focus has been put on sustainable composite materials. Hence, the polymers
extracted from the renewable resources known as biopolymers are used as a matrix material and
reinforced with natural fibers to produce a fully “green composite material”.
3. Biopolymers
Several environmental issues such as waste generation, accumulation in disposal system and
reproducibility were predominant with the use of many non-biodegradable polymers. As a result of
using non-biodegradable polymers in composites, there was an increase in the volume of industrial
and commercial dumps [10]. Hence much attention has been given to use biodegradable polymers as a
matrix in the composite materials. These biodegradable polymers gained a lot of attention as they are
designed in such a way that they degrade by the action of living organisms while conventional plastics
do not. Therefore, research has been going on for decades to replace non-biodegradable polymers
with biodegradable polymers. Biopolymers are produced from biomass resources such as corn, starch,
cellulosic, proteins [3]. Classification of the polymers according to the origin and production is shown
in Figure 1. Out of all the available biopolymers, the most commonly used biodegradable matrices are
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Polylactic Acid (PLA), Polyhydroxyalkanoate (PHA), starch and so forth [2]. These bio-based polymer
matrices have good life cycle when compared to petroleum-based polymers [11].
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Based on the new applications and demands, the usage of biopolymers is increasing day by day.
Busines Communications Company (BCC) research publish d a report in February 2019 an stated that
global bioplastics market should reach 2.7 million metric tons by 2023 [12]. Th capacity of biopolymer
production was expe ted to increase from 2.33 million metric tons in 2013 to 3.45 million metric tons in
2020. A ong the biopolym rs, the focal products are PLA and starch-based plastics. Less a ount
of energy is required to produce PLA which in turn will release low amount of greenhouse effect
ga es. The m st couraging biopolymer is PLA and it has been ecogniz d since 1845 never was
us d c mm rcially until t early 90s [13]. Now PLA is one of the most widely used polymers in
green composites due to its mechanical properties and biocompatibil ty [11]. Moreover, PLA-ba
c mposites after utilizati n can be converted into water and carbon di xide and can be utilized in the
growth of agricultural products [14]. However, PLA degrades promptly in months at high temperatur
conditions (app ximately 58 ◦C and 80–90% humidity) under aerobic compositing conditi s [15].
In na ural nvironment it may take several ears for the complete disappearance of PLA [16].
PLA
PLA is an aliphatic polyester with lactic acid as its basic constitutional unit. It was recognized
since 1845 but was not available commercially till the early 1990s [17]. PLA can be synthesized by
the polymerization of Lactic Acid (LA) or the Ring-Opening Polymerization (ROP) of Lactide [18,19].
Due to inherent disadvantages and environmental concerns, other new methods such as biosynthesis
of PLA by enzymatic action and new solutions were developed that is, incorporation of non-toxic
catalysts such as Magnesium (Mg), Calcium (Ca), Zinc (Zn) and so forth [20]. Figure 2 shows the
PLA synthesis.
It is a renewable, recyclable, biodegradable and compostable polymer that shows outstanding
processing ability. Due to its good properties Table 1, its applications comprise several industries,
such as packaging, textile, biomedical, structural and automotive [13,17,21]. It is the only commercially
available polymer with glass transition temperature (55–60 ◦C) above a bient and melting point
(130–180 ◦C) [22] below the degradation temperature of lignocellulosic fibers (200 ◦C) [23].
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P LA 1.24–1.30 15.5–150 2.7–4.14 55–65 170–200
Numerous distinctive characteristics, such as good transparency, high rigidity, glossy appearance
of PLA have made it commercially and environmentally appealing. PLA has higher tensile strength
and elastic modulus when compared to Polypropylene (PP), Polystyrene (PS) and Polyethylene
(PE) [7]. There are also some limitations such as inherent brittleness and poor toughness and slow
degradation rate which hinder its widespread application [13]. Biopolymers are compatible with many
processing techniques such as injection molding, extrusion, compression molding, amongst others [19].
The various properties of PLA were as shown in Table 1 [24]. The mechanical properties of PLA are
in comparison with PP, PS, High Density Polyethylene (HDPE), Polyamide (PA6) and are shown in
Table 2.
Table 2. Comparison of mechanical properties of PLA and synthetic polymers.
Biopolymers Tensile Strength (MPa) Youngs Modulus (GPa) Elongation at Break (%) Reference
PLA 53 2.4 5 [15]
Polypropylene 31 1.5–2 80-350 [15]
HDPE 14.5–38 0.4–1.5 2.0–130 [25]
Polystyrene 25–69 4–5 1–2.5 [25]
Polyamide 56–90 2 70 [15]
Biodegr dability is one of the significant aspects of sustainable materials. PLA is known to be
entirely biodegradable. Through hydrolysis, microorganisms convert the LA into water and carbon
monoxide. Bio egradation of PLA gets noticeable in tw weeks after composting with other biomass
such as compost soil and vanishes in 4 weeks [13].
PLA in its a ly degradation stage breaks down into LA monomers, where t e ester bonds
are cleaved hydrolytically. Microorganisms do the subsequent metabolic activity and the polymer
breaks down into metabolic end products, such as water and CO2. Deg adation mainly depe on
th molecular weight and other factor such a temperature, time, impurities and residual catalyst
Polymers 2020, 12, 2373 5 of 29
concentration. The catalyst increases the rate of biodegradation of PLA and reduces the degradation
temperature [13]. Figure 3 displays the life cycle of the PLA.
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According to chemistry, polymer degradation can occur in three different ways (i) scission of
the main chains (ii) scission of side chains (iii) scission of intersectional chains. The degradation of
PLA happens mainly due to the scission of ester bonds. Factors such as oxidation, photodegradation,
thermolysis, hydrolysis, biodegradation or enzymolysis. New kind of techniques such as biochemical
process (chemical hydrolysis and biodegradation in natural soil microcosm), microbial degradation
(actinomycetes, bacteria and fungus) and enzymes such as proteases, lipase and cutinase are reported
to be studied for the degradation of PLA [16]. It was reported in one study made by Yanbin Luo
and his team that the addition of nanoparticles (TiO2) has improved the biodegradation rate under
controlled composting conditions [26].
Significant modification of PLA is required for improving the properties such as mechanical
strength, heat distortion temperature, barrier properties and durability. The most commonly used
methods of polymer modification comprise of chemical co-polymerization, polymer blending and
nanocomposite technology and are well reported in the literature [15].
4. Natural Fibers
Natural fibers are renewable resources that may be obtained in a sustainable way. Eco-friendly
nature, low cost, renewability, local availability compared with synthetic fibers have made them as
potential alternative materials in the composite industry [27]. Utilization of plant-based natural fibers
such as flax, jute, sisal, ramie, coconut coir, pineapple leaf fiber, kenaf, bamboo fiber and so forth have
improved due to the increased efforts made by researchers [28]. Table 3 shows the classification of
natural fibers. The chemical composition of natural fibers is shown in Table 4. Natural fibers with high
cellulose content have the higher values of strength.
Polymers 2020, 12, 2373 6 of 29
Table 3. Classification of Natural Fibers Adopted From [2].
Bio Fibers Sources Examples
Animal Fiber Wool/hair—sheep, camel, rabbit hair goat hair, yak, horsehair, Silk Asbestos
Mineral Asbestos, wollastonite
Plant fiber
Stalk fiber Bamboo, wheat, rice, grass, barley, corn, maize, oat
Fruit fiber Coconut, betelnut
Seed fiber Cotton, oil palm, kapok, alfalfa
Leaf fiber Sisal, banana, palm, date palm, pineapple, henequen, agave
Bast fiber Hemp, jute, banana, flax, kenaf sugarcane, ramie, roselle
Most natural fibers are composed of cellulose, hemicellulose, lignin, waxes and several water
water-soluble compounds. Table 4 enlists the chemical composition of different natural fibers.
The strength and stiffness of a natural fiber depend on the amount of cellulose in it [29]. Mechanical
properties also depend on the microfibril angles and the degree of polymerization of cellulose [13].
Moreover, ecotype, maturity and location of the plant and fiber extraction process influence the
properties of natural fibers [13,30]. The different factors influencing their quality are shown in Table 5.
The selection of the fiber mainly depends upon the strength requirements for the various applications.
Table 5 lists out different physical and mechanical properties of the natural fibers reported in the
literature. The important parameters that could establish the properties of the fibers are density,
microfibril angle, Young’s modulus and fiber elongation [31]. Because of the combination of the
environmental and economic benefits, the natural fibers are emerging as possible alternatives to
synthetic fibers to reinforce composites in various applications [32].
The information compiled in Table 5 demonstrates that the mechanical properties of the natural
fibers are lower when compared to synthetic fibers. However, the properties of the natural fibers
can be enhanced and can be made comparable with the values of synthetic fibers by proper surface
treatments. The value of Young´s modulus for some natural fibers is in the same order of magnitude of
glass fibers. The lower density and specific modulus of the natural fibers has attracted the interest of
the industries and becomes a potential candidate for the applications in green composites [3].
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Table 4. Chemical composition of natural fibers.
Fibers Cellulose (wt %) HC (wt %) Lignin (wt %) Pectin (wt %) Ash (wt %) Waxes (wt %) MC (%) MFA (Deg) Ref.
Abaca 56–63 20–25 7–9 - 3 3 5–10 - [31]
Bagasse 55.2 16.8 25.3 - 1.5–5 - 8.8 - [33]
Bamboo 73.83 12.49 10.15 0.37 9.6 - 3.16 - [31]
Banana 60–65 6–8 5–10 - 2.7–10.2 - 10–15 11 [34]
Coir 32–43 0.15–0.25 40–45 - - - 10–12 30–39 [33]
Cotton 82.7 5.7 - - - - 1 20–30 [31]
Curauá 73.6 9.9 7.5 - 3.9–9.6 - - - [33]
Date-palm 30.3–33.5 59.5 27–31.2 - 5 - - - [35]
Elephant Grass
Grass 45.6 - 17.7 - - - - - [36]
Flax 71 18.6–20.6 2.2 2.3 - 1.7 8–12 5–10 [33]
Hemp 68 15 10 1 0.8 0.8 6.2–12 2–6.2 [33]
Henequen 77.6 4–8 13.1 - - - - - [29]
Jute 61–71 14–20 12–13 - 0.8 0.5 12.5–13.7 8 [33]
Kenaf 45–57 21.5 8–13 3–5 2–5 - - - [29]
Oil-palm 65 - 29 - 2.4 - - 46 [33]
Pineapple 70–80 18.8 12.7 1.1–1.2 0.9–1.2 3.2–4.2 11.8 8–15 [29]
Ramie 68.6–76.2 13–16 0.6–0.7 1.9 - 0.3 7.5–1.7 7.5 [29]
Rice Husk 35–45 19–25 20 - - 14–17 - - [33]
Rice Straw 41–57 33 8–19 - 14–20 8–35 6.5 - [33]
Sisal 65 12 9.9 10 0.6–1 2 10–12 10–22 [33]
Sugar Palm 53.41 7.45 24.92 - 4.27 - 8.7 - [37]
Wheat Straw 38–45 15–31 12–20 - 6.8 - 10 - [33]
HC—Hemicellulose; MFA-Micro-fibrillar Angle; MC—Moisture Content.
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The advantages of natural fibers are their low density (1.25–1.50 g/cm3), good specific mechanical
properties, recyclability, biodegradability, abundant availability and so forth [28]. The other significant
factor is the lower price of natural fibers (200–1000 US$/ton) when compared to the glass fibers
(1200–1800 US$/ton) [38]. All these features led industries to consider the use of natural fibers as
reinforcements for the manufacturing of Polymeric Matrix Composites (PMC). However, there were
some limitations to use natural fibers as reinforcements in PMC such as their poor wettability,
incompatibility with some matrices and high moisture absorption. The major advantages and
disadvantages are listed in Table 6.
The most common drawback of natural fiber composites is the lack of proper fiber-matrix adhesion.
Poor adhesion between fiber and matrix can lead to lower mechanical properties. Hence it is essential
to have a good bonding between fiber and matrix. The full capabilities of a fiber-reinforced composite
cannot be exploited with a deficient adhesion at the interface. Nevertheless, it is possible to improve
these properties with the help of physical and chemical treatments [39].
Another major drawback inherent to natural fibers is their hydrophilic nature [13]. To reduce the
effects of the hydrophilic nature of the natural fibers a great range of chemicals, physical and biological
treatments are available. Examples of the treatments include silane, acetone and alkali treatment,
which have shown positive results as per the literature [14]. These treatments reduce the impurities
on the fiber surface and help to decrease their hydrophilicity. This helps to enhance the fiber/matrix
compatibility, hence improving the properties of the Natural Fiber-Reinforced Composites (NFRC) [13].
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Table 5. Physical and mechanical properties of natural and synthetic fibers.
Fibers Density (g/cm3) Tensile Strength (MPa) Youngs Modulus (GPa) Elongation (%) Moisture Absorption Ref.
Abaca 1.5 410–810 41 1.6 - [13]
Banana 1.35 721.5–910 29 2 - [33]
Chicken Feathers 0.89 100–200 3–10 - - [13]
Coconut 1.15 131–175 4–6 15 - [13]
Coir 1.2 175–220 4–6 15–30 10 [13]
Cotton 1.5–1.6 287–597 5.5–12.6 3–10 8–25 [13]
Curaua Leaf - 1250–3000 30–80 - - [40]
Flax 1.4–1.5 345–1500 27.6–80 1.2–3.2 7 [13]
Harakeke - 440–990 14–33 - - [41]
Hemp 1.48 550–900 70 1.6 8 [13]
Henequen 1.4 500 13.2 4.8 - [33]
Jute 1.3–1.46 393–800 10–30 1.5–1.8 12 [13]
Nettle 1.51 650 38 1.7 - [33]
Pineapple Leaf 1.07–1.50 413–1627 34.5–82.5 11.8 [13]
Ramie 1.5 220–938 44–128 2.0–3.8 12–17 [13]
Sisal 1.33–1.5 400–700 9–38 2–14 11 [13]
Spartium Juncem L 1.55 986.46 17.86 - - [41]
Softwood 1.5 1000 40.0 - - [13]
E-Glass 2.5 2000–3500 70.0 2.5–3 - [13]
S-Glass 2.5 4570 86.0 2.8 - [13]
Aramide (normal) 1.4 3000–3150 63–67 3.3–3.7 - [13]
Carbon (standard) 1.4 4000 230–400 1.4–1.8 - [13]
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Table 6. Advantages and disadvantages of natural fibers [38,39].
Advantages Disadvantages
Lower specific weight results in a higher specific and
stiffness than glass
Low mechanical properties especially impact
resistance
Renewable resource Moisture sensitivity
Production with low investment Low thermal stability
Low abrasion and hence less tool wear Low durability
Abundantly available Poor fire resistance
Biodegradable Poor fiber-matrix adhesion
Natural fibers, to be used as fiber reinforcements in polymer matrix high cellulose content and
low microfibril angle are essential [42]. From Tables 4 and 5 it can be observed that natural fibers
such as flax, hemp, jute, pineapple and ramie have high cellulose content and low microfibril angle.
The respective fibers have good values of tensile strength. While cotton has high cellulose content
(82.7%) its tensile strength is not as good as other fibers due to its high microfibril angle (20–30◦).
Flax and jute have the combination of high cellulose value and low microfibril angle that gathers the
attention to study about these fibers as reinforcements in PLA matrix.
5. Treatment of Natural Fibers
Along with the advantages such as low density, low cost and biodegradable, natural fibers
also have some drawbacks when used in composites. Poor compatibility with different matrices,
high moisture absorption and swelling lead to the formation of cracks in brittle matrices [43]. The poor
compatibility of the fibers with polymeric matrices is due to the presence of the free water and hydroxyl
groups, especially in the amorphous region. Hence the fibers are subjected to various treatments [44].
Since natural fibers have a high cellulose content, the treatments seek to modify the structure of the
cellulose by substituting the hydroxyl groups by some chemical groups. The substitution groups play
the role of plasticizer and improve the thermoplasticity of the composites [44].
The physical methods such as stretching, calendaring, plasma treatment, the electric discharge
modify the fibers, thus improving the mechanical performance of composites. The mechanical bonding
of the polymers is influenced by the change in the structural and surface properties of fibers as a result
of the physical treatments. The chemical composition of the fibers is not extensively changed by the
physical treatments, so the interface improvement is due to the increased mechanical bonding between
the fiber and matrix [45]. Plasma treatment is one of the most often used method. Plasma is partially
ionized gas with highly excited atomic, molecular, ionic and radical species with free electrons and
photons. This ionized gas is produced by applying an electric field over two electrodes with gas in
between either at atmospheric pressure or vacuum. The gases such as oxygen, nitrogen, helium and
air can be utilized in this process. In this method various functional groups are introduced and these
functional groups can form strong covalent bonds with the matrix and leads to the improvement in the
fiber-matrix interface. It can also improve the surface roughness of the natural fiber that results in
the good mechanical locking attachment between the matrix and the fibers [43]. This treatment can
also generate free radicals that can react with the oxygen or other gases and eventually leads to the
generation of surfaces with difference character (hydrophobic/hydrophilic).
Chemical methods such as alkalization, acetylation, benzoylation, bleaching and silane are used to
improve the fiber surface. The researchers were successful and improved the adhesion characteristics
of the fibers, thus improving the mechanical properties of the composites. From the literature available,
the chemical treatments have removed the hemicellulose, lignin, pectin and oil contents from the
fibers. Because of the removal of impurities, an improvement in the surface roughness was achieved,
hence improved the fiber-matrix adhesion. The improvement of the properties also depends upon the
type of treatment used and when used chemical methods concentration and duration of the treatments
also influenced the results [46]. Most of the researchers have used one type of chemical treatments but a
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combination of treatments was also used in their works and observed sensible results [47]. It is evident
from the literature that these treatments have achieved various levels of success in the improvement of
the fiber-matrix adhesion in natural fiber reinforced composites [44]. Alkali and silane treatments are
most often used chemical treatments.
Alkali treatment is also known as mercerization and it involves the treatment of the fibers with
sodium hydroxide that result in partial removal of lignin and hemicellulose and complete removal
of pectin, wax, oils and other organic compounds [48]. The reaction of sodium hydroxide with the
natural fiber (Cell–OH) is thought to occur as shown below as Equation (1):
Cell-OH + NaOH→ Cell- O-Na+ + H2O + Surface Impurities (1)
Reaction between the NaOH and functional groups of the natural fibers [44].
The removal of the cementing materials results in the better packing of cellulose chains and
hence there is an increase in the percentage of crystallinity index. Also, this treatment results in the
decrease of spiral angle and increase in molecular orientation, improving the elastic modulus of the
fibers. More cellulose is exposed after the removal of the impurities from the surface that gives rise
in the additional sites for the mechanical interlocking and it is thought to be responsible for better
fiber-matrix adhesion. The factors such as concentration of the NaOH, time of the treatment and the
temperature plays important role in achieving the optimum characteristics of the fibers [44].
Silanes are one of the promising agents for the improvement of the chemical interactions between
the fiber and the polymeric matrix. The silane molecule has bifunctional groups, which react in two
phases to form the bridge between them. The reaction is shown in Figure 4 below.
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Silane coupling agent hydrolysis is the first step in the reaction mechanism. The alkoxy groups
present in the silane molecule are hydrolyzed to generate reactive silanol groups. Later, the hydrolyzed
silane solution is mixed with the natural fibers. In this stage, reactive silanol groups in the silane bind
to the OH groups present on the fiber surface by hydrogen bonds. The alkyl groups on the other side
of the silicon connect to the polymer functional groups forming a siloxane bridge between polymer
and the fiber. This results in the increase of the hydrophobic character of the surface and improvement
in the strength of the interface in the matrix [48].
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6. Composite Processing
There are several methods for producing the composites such as compression molding, extrusion,
injection molding, filament winding, resin transfer method, vacuum infusion method. In this report,
focus was given to the production of composites by compression molding.
6.1. Compression Moulding
Compression molding is generally used for thermoplastic matrices with loose chopped fiber or
mats of short or long fiber either orientated or aligned. Heat and pressure are applied after stacking
fibers and thermoplastic matrix sheets. Good quality composites can be obtained by controlling
the production parameters such as viscosity, pressure, holding time and temperature, depending
on the type of matrix and fiber [49]. Composites production through film stacking reduces natural
fiber degradation as it involves one temperature cycle [50]. Care with temperature is essential as
the difference between the processing temperature of the matrix and the temperature at which the
fiber degradation initiates is relatively small. Above 200 ◦C, a reduction in fiber strength may be
perceived [51]. Hence a compromise must be made between wettability and avoiding fiber degradation.
The results from a study, which explored a production range of temperatures, yielded 150 ◦C as the
optimum temperature for obtaining good tensile values for Polyester/Flax amide composites [52].
Flexural properties were found to be less independent below 150 ◦C but reduced significantly beyond
200 ◦C. The optimum temperature of jute yarn and bacterial co-polyester Biopol was found to be 180 ◦C
for obtaining optimum mechanical properties [53]. For non-woven mat reinforced with PP samples
produced at around 200 ◦C recorded a good strength [54].
Sheet molding is an alternative process to the film stacking method [55]. Some of the processing
parameters for making PLA/Flax using compression molding, combination of hot press and injection
molding and combination of extrusion and injection molding are shown in Tables 7–9 respectively.
Processing parameters for manufacturing of PLA/Jute composites using compression molding and
combination of process extrusion and injection molding are shown in Tables 10 and 11. Figure 5 shows
the compression molding set up for producing composites by using film stacking method and using
pre compounded fiber matrix. The pre compounded fiber matrix can be obtained via extrusion where
the fiber and matrix are mixed and pellets or prepregs are formed.
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Table 7. Processing parameters for compression molding (PLA/Flax) composites.
Method RotationSpeed (RPM)
Temperature
(◦C) Process Mold Temp (
◦C) Pressure(MPa)
Time
(Min) wt % Ref.
TSE 150 154–171 CM 185 - - 30 [56]
FS - - CM 185 4 - 22 [57]
MC 100 180 CM 180 30 10 30 [58]
SC - - CM 100 5 30 - [59]
CS - - CM 180 2 5 49.5 [60]
AL - - CM 180 4 5 48 [60]
FS - - HP 180 0T, 2T, 1T, 0.5T, 6T 5, 1.5, 1, 0.5, 30 [61]
FS - - HP 124 5 6 h 22 [62]
TSE 150 170–175 - - - - - [63]
SC - - HP 180 - 5 49.3 [64]
SC - - HP 180 - 5 60.7 [64]
SC - - HP 180 34 5 34 [65]
AL—Air Laying; CM—Compression Molding; HP—Hot-Pressing; CS—Conventional Spinning; FS—Film Stacking;
MC-Micro Compounder, SC—Stacking; TSE-Twin Screw Co-Rotating Extruder; Wt—Weight.







(MPa) wt % Ref.
HP 170 18 IM 170, 175, 180 10 10, 20, 30 [66]
HP 170 18 IM 170, 175, 180 12 40 [66]
HP—Hot Pressing; IM—Injection Molding.







Temperature (◦C) wt % Ref.
TSC 100 180 IM 180 25 25 [67]
TSE - 180 IM 200 25 10, 30 [68]
TSE 150 172–177 IM 177–182 55 2.5–12.5 [69]
IM—Injection Molding; TSC—Twin Screw Compounder; TSE—Twin Screw Extruder.
Table 10. Processing parameters for compression molding (PLA/Jute) composites.
Method RotationSpeed (RPM) Temperature (




(Min) wt % Ref.
WM - - CM 185 1.33 8 37.3 [70]
- - - CM 180 6.89 40 50 [71]
FS - - CM 180 13.79 40 50 [71]
- - - CM 80–130 350 KN 180 - [72]
CM 150 0.6 10 40 [73]
Extrusion 25 75 and 80 HP 165 - 2–3 3–15 [74]
- - - HP 110 50 180 [75]
CM—Compression Molding; FS—Film Stacking; HP—Hot Press; KN—Kilo Newtons; WM—Winding Machine.
Table 11. Processing parameters for extrusion and injection molding (PLA/Jute).
Method RotationSpeed (RPM) Temperature (
◦C) Process Temperature (◦C) MoldTemperature (◦C) wt % Ref.
- - - IM 160 25 50 [76]
TSE 150 180 IM 180 - - [77]
TSCE 80 155–170 IM 170–190 40–50 15 [78]
TSCE 80 155–170 IM 170 30 15 [79]
TSE 100 160–170 IM 175–180 - 10 [80]
IM—Injection Molding; TSCE—Twin Screw Co-Rotating Extruder; TSE—Twin Screw Extruder.
6.2. Compression Moulding of Precompounded Mixture
Through this process, a pre-compounded fiber-matrix mixture is hot pressed to produce a desired
product. Few researchers have reported using this method for the fabrication of bio composites.
Several researchers reported the use of extrusion and melt binders for the preparation of fiber-matrix
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compounded mixture before the use of compression molding [81]. Other researchers used a two-roll
mill was used to obtain the pre-compounded sheets and those sheets were hot pressed at 20 MPa
and 170 ◦C for 4 min and subsequent cooling at room temperature at 5 MPa to produce PLA/Jute
and PLA/Ramie composites [82]. In the case of PLA/Coir composites, specimens were produced by
hydraulic pressing. PLA sheets were fabricated by placing PLA pellets in an oven at 180 ◦C for 15 min,
followed by applying pressure of 1 MPa in between aluminum sheets with the help of hydraulic press
for 15 min at room temperature and subsequent cooling for 30 min. Pre dried coir fibers were then
stacked between PLA sheets and heated in oven for 15–30 min and pressed at 1.5 MPa for 15 min.
The laminates were cooled at room temperature for 30 min [83].
6.3. Film Stacking
Film Stacking is a simple processing route for the fabrication of laminates. The matrix films
produced from the biopolymer and fiber mats (woven, plain or randomly aligned) are stacked
alternatively and compressed between the heated mold plates [81]. Film stacking technique is
conventionally used to develop PLA/Jute fiber composites. According to the literature, PLA films of
0.2 mm thickness were produced with the help of extruder. 40 wt % jute fiber mats were stacked in
between films in a frame/mold and was pre-compressed at 3.3 MPa for 15 s. Pre-compressed stack
was then placed between the heated platens under pressure of 400 Pa for 3–10 min at temperature
of 180–220 ◦C [84]. In order to produce PLA-hemp bio composites, PLA pellets were converted into
films by using an extruder while a hand-carding machine was used to align the industrial hemp fibers.
PLA films and fiber mats were stacked alternatively in a mold and pre-compressed for 5 min at a
temperature of 185 ◦C at a pressure of 2 MPa. The pressure was increased to 5 MPa thereon and
allowed to cool at room temperature [85,86]. In another study, PLA-Sisal based bio composites of 4 mm
thickness were produced by using film stacking method. PLA pellets were compressed to form 1 mm
thick films and then fiber mats were stacked alternatively within the mold. The stack was compressed
at 4 MPa for 8 min at 180 ◦C. The pressure was then increased to 6 MPa and allowed to cool at room
temperature [87,88].
PLA-kenaf bio composites, specimens were obtained where initially PLA pellets were converted
into 1mm thick PLA sheets using a compression molder at 190 ◦C. Subsequently layers of fiber mats
and PLA films were stacked and compressed at 4.8 MPa at 190 ◦C for 12 min and further compressed at
11.7 MPa for 5 min and cooled at room temperature [89]. Different authors explore the use of short jute
fibers of 10–15 mm to reinforce with commercially available PLA films of 0.3 mm thickness to produce
PLA/Jute composite by using film stacking hot pressed method. PLA films and jute fibers with varying
volume fractions were stacked alternatively between compression molder at a temperature of 170 ◦C
for 10 min at pressure of 1.3 MPa [90].
6.4. Fiber Orientaiton and Distribution
Regarding the study of the orientation and distribution of the fibers, the composite displays
better mechanical properties when the fiber is aligned parallel to the direction of the applied load [91].
Depending on the matrix viscosity and mold design, some alignment is achieved during injection
molding. It is a hard task to achieve fiber alignment with natural fibers compared to continuous
synthetic fibers [92]. However, long natural fiber can be carded and positioned manually in the form of
sheets prior to matrix impregnation. Wrap spinning was a method in existence since 1970 for producing
aligned fiber yarns. It is a method where short fiber can be converted to continuous filaments by
using a continuous stand wrapped around discontinuous fiber with enough frequency to provide the
required integrity for subsequent processing. It was reported that the aligned fiber yarn improves
tensile and flexural strength and stiffness over conventional twisted yarns [91]. Another approach
that has been mentioned is the Dynamic Sheet Forming (DSF), a method to align fiber traditionally in
paper production. In this method short fibers are suspended in water and this solution is sprayed on
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to the rotating drum through nozzle. The rotating drum is covered with a wire mesh, which helps in
removing water and brings about the alignment in the spray and rotating direction [52].
In a study it was found that the mechanical parameters of a composite alfa-polyester decreased
with the increase in the angle of fiber orientation [93]. In another study, it was found out that strength
and Young’s modulus were influenced by the fiber orientation. The tensile strength (72.75 ± 6.26 MPa),
(34.75 ± 4.63 MPa), (22.01 ± 3.38 MPa) and Young´s modulus (8.77 ± 1.44 GPa), (4.62 ± 1.04 GPa),
(3.70 ± 0.65 GPa) were found to be decreasing with the increase of the angle of fiber orientation that is,
0◦, 45◦, 90◦ respectively [94].
The specimens prepared by compression molding using film stacking method have the best
control to the designer over fiber orientation within the bio composites. According to the load-bearing
requirement, continuous fibers can be woven at different angles. The use of carding process has
been reported in literature review prior to the film stacking method. In bio composites developed
using the film stacking method, fibers aligned in the direction of applied load have the more load
bearing capacity when compared to the randomly aligned short fiber reinforced (pre-compounded)
bio composites [81].
7. PLA/Flax Composites
Melt compounding and solution dipping process were employed to produce PLA/Flax composites.
The effects of different surface modifications techniques such as alkaline, silane, polymer coating +
alkaline and polymer coating + silane on the mechanical performance were studied. Polymer coating
on the surface of the flax fibers combined with silane treatments showed an improvement in the
performance. The maximum tensile strength of 74.3 MPa and impact strength of 12.7 kJ/m2 were
observed in the salinized and polymer-coated flax fiber composites [67]. Polymer coating also showed
a decrease in the hydrophilicity nature of the flax fibers. Similar composites were produced by using a
twin-screw extruder, reporting higher values of tensile modulus (3.8 GPa), impact strength (15 kJ/m2),
elongation at break (6.2%) for PLA/Flax composites when compared to the neat PLA. The toughness
of the PLA/treated fiber composites has been increased when compared to the PLA/untreated fiber
composites [63].
Comparing the properties of two types of unidirectional flax composites using PLA as matrix:
one made with layers of aligned flax rovings alone and the other containing an additional paper layer
fabricates using paper making techniques, it was observed that the PLA/Flax composites have better
performance in terms of impact strength (800 ± 15 J/m), tensile strength (339.0 ± 22 MPa) and flexural
strength (363 ± 26 MPa) than PLA/Flax-Paper composites. The specific tensile properties of both the
composites can be compared with the composites made of woven glass fabrics impregnated with epoxy.
It also observed that PLA/Flax-Paper composites have achieved good impact strength (600 J/m) [64].
When flax was grafted, composites produced by hot press molding and gel dip coating technique
exhibited a significant improved adhesion bonding of the modified fibers to the matrix. This led to an
increase in the impact resistance of the PLA when reinforced with fiber by three times and observed
to be 15.4 kJ/m2. The hydrophilic nature of the fiber was reduced by 18% in the modified grafted
fiber composite [65]. In order to evaluate the effect of fiber treatment, three different approaches
were used to produce PLA/Flax composites by film stacking. The fibers were treated with Maleic
Anhydride (MA), Silane (ST) and Tributyl Citrate (TBC). In any case, the addition of fibers increased
the mechanical properties. The tensile strength, Young´s modulus and flexural strength were improved
by 80%, 300% and 27% respectively when compared to the neat matrix. The highest values of tensile
strength (102.5 ± 5.2 MPa), Young’s modulus (25 ± 1.4 GPa) and flexural strength (140 ± 6.9 MPa)
was obtained for the composites treated with silane, maleic anhydride and untreated respectively.
The other surface treatments also improved tensile and flexural properties [62]. Later, the flexural
properties and morphology of the surface of the composites were examined and found that 2% w/w
silane content improved the flexural strength of the composite material by 18% [57].
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Nano-Coated Flax was reinforced with PLA to produce composites by hot pressing. The values of
ultimate tensile strength, tensile modulus and interlaminar strength were found to be (187 ± 10.6 MPa),
(12.2 ± 0.33 GPa) and (24.84 ± 0.650 MPa) respectively. Ultimate tensile strength, tensile modulus
and interlaminar strength was increased by 6%, 13% and 20% respectively when compared to the
raw composites. Coating the fibers also allowed the decrease in water absorption by more than
10% in comparison with raw composites and their protection during conditioning, preserving their
mechanical properties [61]. With the aim of improving flame retardancy, a thin coating of polydopamine
adhesive was used to protect hot compression molded composites. Limiting Oxygen Index (LOI)
values were highest for the Fiber-Modified with Iron Phosphonate (Fep-Flax) composites and increased
by 26.1% compared to pure PLA. The self-extinguished ability of PLA/Fep-Flax composites improved
remarkably and decreased the combustion time. PLA/Fep-Flax showed reduction of tensile strength
(55.4 ± 0.9 MPa) by 6% when compared to neat PLA, however there was an improvement of Young´s
modulus (2908 ± 104 MPa) by 35% [58]. Table 12 the values of the mechanical properties obtained by
various researchers.
The influences of the fiber alignment were assessed by comparing the performance of Random
(NM) and Unidirectional (UD) fiber composites produced by compression molding. Air laying was
used to produce random flax reinforcements. UD flax composites showed improved properties when
compared to NM flax composites. The tensile(151 ± 7 MPa) and flexural strength (215 ± 17 MPa) of
PLA/UD Flax composite was increased 82 and 65% respectively and the tensile (19 ± 2 GPa)and flexural
modulus (19 ± 1 GPa)was improved 99 and 90% respectively compared to NM PLA/Flax composite.
The PLA/UD Flax and NM PLA/Flax lost 19 and 27% mass respectively after 120 days as per soil burial
test [60].
Although PLA/Flax composites already exhibit excellent properties, it is possible to improve this
material with the inclusion of other types of fibers. This process that combines more than one type
of fiber is known as hybridization. In this sense, a first attempt was made to compare the properties
of PLA/Flax composites and PLA/rayon produced by injection molding. Some of the mechanical
properties of PLA/rayon samples were better than PLA/Flax composites at a fiber mass proportion by
mass of 30%. The highest impact strength and tensile strength of 72 kJ/m2 and 58 MPa, respectively,
were observed for rayon reinforced with PLA. However, the highest Young’s modulus (6.31 GPa) was
found for the composite made up of flax reinforced with PLA. Poor matrix fiber interfacial bonding is
found in both cases [66]. From this study was concluded that a potential benefit could be obtained
by the hybridization of PLA using both types of fibers. The hybridization prospective of PLA-based
composites were assessed by producing compression-molded samples reinforced with Cotton Gin
Waste (CGW) and flax fibers where overall fiber fraction is 30%. The flexural modulus increased by
42% by the addition of 30 wt % of CGW compared to neat PLA and there was a reduction of flexural
strength by 85% in comparison with neat PLA. Nevertheless, in the hybrid composites the addition of
10–20 wt % of flax fiber reduced the flexural properties. The modulus of elasticity for the composites
containing 30 wt % of CGW and composites containing 30 wt % of flax fibers were comparable [56].
In this regard, hybridization produced insignificant advances given the similar nature of the two types
of reinforcement.
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Table 12. Mechanical properties of PLA composites reinforced with flax fibers.






(GPa) Additional Information Ref.
IM 74.3 - 12.7 - ST and PC [67]
22 FS 99.0 140 - 16.0 UT [62]
22 FS 102.5 117 - 12.5 ST [62]
22 FS 63.0 83 - 12.7 TBCT [62]
22 FS 35.0 63 - 25.0 MAHT [62]
30 HP 177 - - 10.8 Before conditioning [61]
30 HP 187 – 12.2 Nano silica coated and before conditioning [61]
30 HP 89 - - 4.68 After conditioning [61]
30 HP 114 - - 6.2 Nano Silica coated and after conditioning [61]
30 CM 55.4 - 2.90 Coated with PDA film [58]
30 CM 60.1 - - 3.40 - [58]
48 CM 83.0 130.0 9.3 Random [60]
48 CM 151.0 215.0 18.5 Aligned [60]
CM—Compression Molding; FS—Film Stacking; HP—Hot Pressing; IM—Injection Molding; MAHT—Maleic Anhydride Treated; PC—Polymer Coated; ST—Silane Treated; TBCT—Tributyl
Citrate Treated; UT—Untreated.
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8. PLA/Jute Composites
After the initial studies, long jute fibers (6 mm) were incorporated up to 50% by mass into PLA,
which resulted in the enhancement of flexural strength and modulus of injection molded composites,
although impact strength of the composite did not increase [76]. The effect of long (618 mm) and short
(387 mm) jute fibers on the performance of PLA injection-molded composites was studied, the samples
made of short fiber fillers showed optimal performance, exhibiting a significant 182% increase in
strength (90.7 ± 1.3 MPa) compared to that of pure PLA%. The effective dispersion of the fibers and
the high intensity mixing of the fibers have led to the improvement in the interfacial strength which
leads to the improvement of the properties of short fiber fillers. The suppression of hydrolysis was
necessary for the improvement of overall performance for both long and short fibers [77].
Another possibility of producing PLA/Jute composites is the combination of both PLA and jute
filaments to produce composite spun yarns to be aligned in the same direction. this type of composites
were produced by pressing the spun yarn at different temperatures [70]. From the results the optimum
compression molding temperature was found to be 185–195 ◦C for fabrication the jute spun yarn/PLA
unidirectional composite. It was clear that the impregnation quality and dispersion of fiber bundle
increased with higher molding temperatures, since the elastic modulus increased. While increasing the
molding temperature, the achievement ratio of tensile strength was decreased because of deterioration
of jute fiber [70]. Jute also leads to an improvement of the PLA mechanical performance when its
strands are added. In this regard, when strands of jute act as reinforcing elements, lignin content plays
a key role. Hence, PLA composites were produced by injection molding where treated jute strands are
used as reinforcements and the amount of lignin present in the jute are varied. The obtained results
showed that mechanical properties of PLA can be interestingly improved with the incorporation of
30 wt % of jute but in different magnitude depending on the chemical composition thereof. A lignin
mass fraction of 4% was found to be most suitable as PLA reinforcement because of the improved
mechanical properties. There was an enhancement of tensile strength up to 46% as the amount of
lignin was decreased, as the interface between fiber and matrix was improved [95].
When woven jute fabric is introduced to reinforce PLA, it is possible to increase the impact
strength of the plain polymer as well as the tensile strength with only a minor reduction of the flexural
modulus [96]. To assess the low-velocity impact behavior of PLA/Jute laminates with alternated
fabric layers 0◦/90◦, symmetrically arranged were developed with respect to the middle plane of the
laminate in between PLA and pressed them. The obtained composites were tested by a falling dart
machine operating at impact energies equal to 5 J, 10 J and 20 J. The results revealed that the composites
were able to resist the first two energy levels with a barely visible damage. Minor fiber-breakage
and delamination phenomena were registered by photographic images taken on the back side of
impacted samples. Only impact tests at 20 J, gave rise to severe impact damage of bio composite
samples with penetration of the impactor and delamination phenomena apparently confined to the
material-impactor contact area [96]. Compared to other fibers with high cellulose content like cotton
fibers, the tensile modulus of the PLA/Jute composites is approximately 25% higher than that of the
PLA/cotton composites [75]. Also, the compressive modulus of the PLA/Jute composite was 38% higher
than that of the cotton composite. However, the compressive and tensile strength of the cotton/PLA
composite was better than that of the PLA/Jute composite [75].
As previously described, despite all the gains of using jute to reinforce PLA composites, these fibers
may undergo hygrothermal aging from the combined effects of humidity and heat. In a study it was
observed that in composites produced by injection molding three degradation stages of hygrothermal
aging of PLA/Jute composites take place and it can be related to the changes in mechanical properties [80].
In stage I, plasticization due to water absorption increases the ductility with a reduction in strength and
tensile elastic modulus. In stage II, a detachment between the fiber and the matrix due to differential
swelling leads to the weakening of the interface with a significant, detrimental effect on the mechanical
properties. In stage III, the hydrolysis of the matrix causes microcracking with a further significant
decrease in ductility. The durability of short jute fiber reinforced PLA composites in distilled water at
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different temperatures was studied. From the results of the water absorption test, it was noted that the
composites maintained at 23 ◦C, 37.8 ◦C and 60 ◦C followed the Fickian behavior in the first stage.
Once the rate of weight gain (Mt) was reached, the saturation point after Mt of PLA/Jute composites is
like that of pure PLA [97]. However, the composites at 60 ◦C deviated from the Fickian law. PLA has
shown slower water absorption rate compared to the PLA/Jute composites [97]. The mechanical
properties have shown a significant decrease at the beginning of aging, then stabilized for a time
period and decreased at last stage. These 2 researches [80,97] regarding aging mechanisms of PLA/Jute
composites reported several undesired effects such as plasticization of the matrix, swelling of materials,
structural damage of the PLA/Jute composites, change of the PLA crystallinity and hydrolysis of
jute fiber and PLA matrix. Therefore, a fiber treatment is convenient to sort these drawbacks out.
Table 13 shows the values of mechanical properties determined by various researchers through
their experiments.
The most reported treatment in the literature about natural fibers in polymeric composites is alkali
treatment. The effects of the treatment on both the single jute fiber and the PLA/Jute composites are
examined and results revealed that the structure and shear strength of jute fibers and their composites
were strongly affected by the surface treatment [98].
Moreover, the interfacial shear strength of the composite generally increased with an increase in
the treating time and the concentration of NaOH solution and the maximum value was obtained at 8 h
treatment with 12% NaOH solution. Meanwhile, alkali treatment of jute fibers significantly improved
the tensile properties of both single fibers and composites. The optimum tensile properties of PLA/Jute
composites were obtained at a 15 wt % fiber content and a processing temperature of 210 ◦C. Both the
maximum flexural modulus and strength of composites were obtained at 220 ◦C and 15 wt % fiber
content [98]. The influence of the alkali treatment with NaOH at various concentrations (5%, 10% and
15%) and with H2O2 was evaluated [99]. Fibers were added in different weight concentrations (5%, 10%,
15%, 20% and 25%) of untreated and treated jute fibers in PLA matrix. In composites produced by
injection molding, it was observed from the experimental results that the surface modification of jute
fibers with NaOH improved the flexural properties (tensile strength, Young’s Modulus and density) [99]
but decreased the impact resistance [100]. It was found that the water absorption got leveled off after
24 h and was increased with the fiber content. Alkali treatment have reduced the water absorption rate
and make fibers as hydrophobic.
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Table 13. Mechanical properties of PLA composites reinforced with jute fibers.






(GPa) Additional Information Ref.
50 IM 62.2 98.8 2.21 - - [76]
- IM 90.7 - 4.22 (kJ/m) 12.3 Short Fiber Pellet mix [77]
- CM 32.3 41.8 3.5 J 2.11 Woven Jute Fabric [72]
30 IM 71.7 - - 9.15 Lignin 4% [95]
- RFM 53.16 128.3 - 8.11 - [75]
20 IM 55 110 1.6 1.7 10% NaOH + H2O2
[99,
100]
25 IM 54 80 2.5 2.7 05% NaOH + H2O2
[99,
100]
30 IM 70 - 26 (J/m) - Alkali Treated [101]
30 IM 80 - 28(J/m) - Alkali + Silane Treated [101]
15 IM 50 78 4.8 4.8 Treated with DOPO-ICN [78]
10 - 61.71 93.68 19.26 4.2 Graphene Modified with DOPO [102]
5 SC 70.30 - - 3.30 PLA Composite Films with Jute NanoFibers [103]
3 SC 69.80 - - 3.20 NaOH Treated Jute Nano Fibers [104]
40 HP 77.5 115.3 3.67 Core Shell Nanoparticles (SiO2–PBA–NH2) [105]
CM—Compression Molding; DOPO—9,10-dihydro-9-oxa-phosphaphenanthrene-10-Oxide; DOPO—ICN-Phosphorus Based Compound; HP—Hot Pressing; IM—Injection Molding;
RFM—Resign Film Method; SC—Solvent Casting.
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In addition to alkali treatment, it is possible to apply a subsequent silane treatment to further
improve the properties of PLA/Jute composites. The effects of 2 different treatments on the fiber
properties were compared using (i) alkali (NaOH) and (ii) alkali followed by silane (NaOH + silane)
separately [106]. It was found that the surface treatments led to the improvement of thermal stability
and crystallinity index of jute fibers. Jute fibers treated with (NaOH + silane) showed lower crystallinity
index compared to NaOH treated fibers due to the conversion of crystalline cellulose into the amorphous
cellulose as a result of silane of the jute fibers. Matrix-fiber adhesion between PLA and jute fibers,
which was examined in terms of Interfacial Shear Strength (IFSS), was found to be highest for
(NaOH + silane) treated jute fibers [106]. When these treatments were applied in jute reinforced
PLA composites with 30 wt % of reinforcement [101], It was reported that the tensile strength of the
reinforced composites was increased by 5% compared to neat PLA. PLA reinforced with jute fibers
treated with NaOH aqueous solution showed an improvement of 10% in comparison to neat PLA.
Furthermore, an improvement of 32% was seen in the composites reinforced with NaOH + Silane
treated jute fibers (PLA/JFNASI) [101]. Impact strength of PLA/JFU, PLA/JFNA and PLA/JFNASI was
shown improvement of 34%, 49% and 56% when compared to neat PLA respectively [101]. The addition
of jute fiber has increased the storage modulus and it was further improved with the surface treatments.
It is also possible to apply physical treatments, as electron beam, to improve the thermal properties of
the PLA/Jute composites. It was reported that PLA/Jute compression-molded composites presented an
increased thermal stability, storage modulus and heat deflection temperature with an electron beam
irradiation of jute at 10kGy [71].
In order to improve the flame retardancy of PLA/Jute composites, phosphorous-based compounds
exhibit excellent fire resistance for polymers and their composites. A compound was synthesized by
the reaction between 9,10-Dihydro-9-oxa-10-phosphaphenanthrene-10-oxide (DOPO) and maleic acid
(MA) and was used in the composite formulation, ensuring a good interface by providing active sites
linked between DOPO and PLA or jute [79]. Moreover, the addition of DOPO-MA improved the tensile,
flexural and impact strength when compared to that of incorporation of DOPO. Flame retardancy was
also improved and achieved due to the formation of char layer to protect the inner composite from
further burning [79].
Given its chemical composition (Table 4), jute can be used to obtain Crystalline Cellulose (CC) to
reinforce PLA composites and it was reported that the thermal stability and the crystallinity of the
composites have increased when composite was prepared from CC and PLA [74]. It was observed the
existence of hydrogen bonding between CC and PLA when the composite was fabricated by extrusion
or hot press. Moreover, PLA/CC composites showed increased hardness and tensile strength as well
as better antimicrobial properties [74]. In a similar experiment, Nano Fibers (NF) from waste jute
fibers were used to reinforce PLA films by solvent casting. For samples with 5 wt % of NF, the initial
modulus (3.30 ± 0.05 GPa) and tensile strength (70.30 ± 6.32 MPa) were increased by 217% and 171%
respectively compared to neat PLA films. The composites with a 10 wt % of NF showed a decline in
the mechanical properties, however they have showed a 16% and 62% improvement in crystallization
temperature and crystallinity respectively. Mechanical properties were improved until 5 wt % fiber
content and declined thereon. Huge improvements of storage modulus by 475% was observed at
60 ◦C [103]. The addition of different nanoparticles, such as nano-silica, enable the formation of
rigid-soft core–shell structures to improve the mechanical properties of woven jute fiber-reinforced
PLA composites. Press-molded composites with rigid core and soft-shell nanoparticles reinforced with
jute fibers were produced and results indicated an increase in tensile strength (from 43.1 to 52.4 MPa)
compared to composites without nanoparticles [105]. The addition of SiO2–NH2 and SiO2–PBA–NH2
modifiers further improved tensile values to 71.9 MPa and 77.5 MPa respectively, while flexural
strength and modulus were increased by 38% and 101% when compared to Natural Fiber-Reinforced
Polylactide Composite(NFPC)respectively [105].
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9. Trends in Green Composites
The next generation composites are developed with inclusion of special functionalities such as
high strength, stiffness or toughness, fully transparent, autonomously self-healing, fire retardant,
nanocomposites for biomedical applications, resins-less composites, light-weight foam composites,
composites with gas barrier properties [107]. In the attempt to produce the highest strength and
stiffness among composites, a critical task is to produce of fibers which have these characteristics.
Research at Groningen University was successful in producing high strength cellulose fibers. It was
achieved by dissolving pure cellulose in highly concentrated phosphoric acid to form Liquid Crystalline
Cellulose (LCC) and then using the air-gap wet spinning method to spin the fibers. the results showed
that it attained strength of 1500–1700 MPa and Young’s modulus of about 40 GPa [108].
In contrast with other green composites, the reinforcing and matrix phases are both celluloses.
Crystalline cellulose fibrils (filler) are reinforced in soft regenerated cellulose phase (matrix), has good
mechanical properties due to the ideal fibril/matrix interfacial compatibility. These find their
applications such as food packaging films, optical devices. Few researchers have also focused
on synthesizing green fire-retardant chemicals and production of fire-resistant green composites.
The inherent chemical composition of the proteins that contains large amount of nitrogen does not
burn easily and these kinds of proteins can be used as reins in green composites and can produce
fire retardant composites. In the recent decades all-cellulose composites have attracted significant
interest [107].
Materials that incorporate functions such as sensing, actuation and control can be termed as
smart materials. A lot of attention has been gathered around the development of smart polymer
nanocomposites because of the fantastic improvements achieved in these materials. They are most
widely used in applications such as sensor and actuator, stretchable electronic, wearables electronics,
smart textiles, drug delivery, aircraft and aerospace applications [109]. One of the recent advancements
in the composites industry is self-healing green resins and composites. Developing of microcracks
in the polymeric composites can be life threatening in some cases. One of the innovative ways to
cope with those cracks is to develop autonomously self-healing resins and composites that can heal
microcracks as they are formed. Microcapsules that contain the healing agent are dispersed in the
resin or polymer, the rupture of the microcapsules will release the healing agent and it will fill the
microcrack and a bridge will be formed between two microcrack surfaces [109]. Functionally graded
materials are novel materials whose properties change gradually with respect to their dimensions.
These materials have obtained a huge attention due to their graded properties at every single
point in various dimensions [110]. They are used mainly in the sectors such as aerospace, defense,
nuclear industry, biomedical and electronics [111]. Functionalization of fibers using nanoparticles
have attracted tremendous attention. One of the authors of the present work has a wide experience on
the functionalization of flax [112,113] and jute fibers [114,115] by utilizing CaO [112], ZnO [113,116],
Ag nanoparticles [114,115]. These kinds of novel materials have found their application in composites
for military applications.
As a result of cost-performance benefits, composites become the choice of materials for several
industries. Very significant innovations are expected in the years to come to meet the large-scale
production and large penetration into the various advanced industries. The key trends in the
field of composite materials are reducing the weight of parts in the areas of automotive and
aerospace. In addition, advances improved the performance of the reinforcements and matrices
for achieving higher performances of green composites, reduction in the cost of various composite
parts, predictable technologies for the manufacturing of the composites in large scale. The composites
are used in the various sectors that range from simple household to light and heavy industries. These are
widely used due to desirable characteristics such as lightweight, corrosion resistance, good specific
properties and flexibility in engineering the composites. It is anticipated that these composites will
penetrate various industries shortly [117]. The factors such as durability compatibility, affordability
and sustainability, including resource availability, land use, biodiversity, environmental impact are the
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challenges for converting renewable resources into industrial materials. The industry sectors and users
of natural fibers are now focused in an eco-design approach. The main intention is to scale up the
knowledge of fibers and preforms (materials for matrix and for reinforcements—long or short fibers,
woven and non-woven fabrics, manufacturing technologies, prepreg composites, hybrid association of
materials etc.) and attract the new industries [118].
Environmental concerns have resulted in many researchers looking for bio-based materials such
as green composites. The natural fibers have emerged as new alternatives in place of manmade fibers
such as glass fibers, aramid fibers and so forth. In this scenario, especially bast fibers are gaining
interest in the field of high-performance natural fibers. These bast fibers include flax and jute and
are immediately attractive as they possess comparable tensile strength and stiffness as that of glass
fiber and contain favorable vibration damping and non-abrasive properties [119]. The intention of
making the natural fibers to compete with synthetic fibers in terms of performance has resulted in
a huge number of modifications to the natural fibers. These changes have improved the quality of
natural fibers that resulted in emerging as a substitute for the traditional materials [117]. The emerging
innovations with the use of natural fibers are improvement in strength and stiffness to compete with
other fibers, enhancement of impact resistance, aesthetic properties and sustainability [120].
Despite being lighter than the synthetic fibers, natural fibers such as hemp, flax, jute and
kenaf have desirable characteristics such as good strength and stiffness, low cost and biodegradable.
Hence considering the advantages, natural fiber reinforced composites replacing the synthetic fiber
reinforced composites is an emerging trend. Depletion of petroleum resources and the instability
of crude oil prices as well as the desire to avoid the landfill disposal, the development of polymers
from natural sources has received a considerable attention in the recent years. Polymers and
natural fibers together can create a lightweight component for interior/exterior structural components.
Moreover, in the future, bioinspired materials may replace traditional composites and can dominate
the industry [117].
10. Conclusions
Due to the non-biodegradable nature of petroleum derived polymeric products, alternatives for
synthetic fiber and resins are attracting the attention of the research community. Concerning this
purpose, green chemistry and environmental engineering are regarded as the main opportunity
for the expansion of the next generation of materials and processes. Many techniques to improve
the performance of natural composites are constantly evolving, although this type of composites
still exhibits lower structural capacity compared to synthetic fiber composites. The feasible use of
biopolymers in composite products and their reinforcement with natural fibers requires a great effort
from a scientific point of view.
This paper reported the recent advances that have been made in the field of biocomposites made
of PLA matrices reinforced with both jute and flax fibers. The first topic addressed was the information
regarding the processing of this type of composites. The most relevant production techniques has been
described, namely, Compression Molding and Injection Molding and the different optimized parameters
were detailed for the mixing of the formulations via extrusion (rotation speed and temperature) and for
the molding of final composites (temperature, pressure and time). In addition, the factors that influence
film-stacking production have been contemplated, as well as the fiber orientation and distribution.
The properties of flax reinforced PLA composites have been displayed and different solutions to
improve the drawback of this type of composites were described. The conditions used to produce the
composites and the different treatments applied reveal that PLA-Flax multilayered composites may
achieve tensile strength and Young’s modulus values over 100 MPa and 10 GPa respectively. Also,
the modification of the initial properties of both PLA and flax fibers may also lead to increased values
of impact strength, energy absorption and thermal performance of the composites.
Related to PLA composites reinforced with jute, lower mechanical performance was found
compared to PLA-Flax materials. However, the functionalization of jute fibers creates a possibility
Polymers 2020, 12, 2373 24 of 29
for the functionalization of the overall composites. Thus, apart from the improvement of durability
and matrix-fiber interface, other properties may be incorporated into the composites, such as fire
retardancy barrier.
Author Contributions: Writing—original draft preparation, U.K.S.; Writing—review and editing, G.M.;
Writing—review and editing, F.P.B.; Writing—review and editing, R.F. All authors have read and agreed
to the published version of the manuscript.
Funding: This research received no external funding.
Acknowledgments: Thanks to the team members of Fibrenamics and Department of Mechanical Engineering,
University of Minho, Azurém Campus, Portugal. FCT—Fundação para a Ciência e Tecnologia within the R&D
Unit MEtRICs Project Scope UIDB/00319/2020 and R&D Unit 2C2T.
Conflicts of Interest: The authors declare no conflict of interest.
References
1. Chauhan, V.; Kärki, T.; Varis, J. Review of natural fiber-reinforced engineering plastic composites, their applications
in the transportation sector and processing techniques. J. Thermoplast. Compos. Mater. 2019. [CrossRef]
2. Sarapure, S. Nano Green Composites—An Overview. Int. J. Appl. Eng. Res. 2018, 13, 115–116.
3. Jagadeesh, D.; Kanny, K.; Prashantha, K. A review on research and development of green composites from
plant protein-based polymers. Polym. Compos. 2017, 38, 1504–1518. [CrossRef]
4. Shekar, H.S.; Ramachandra, M. Green Composites: A Review. Mater. Today Proc. 2018, 5, 2518–2526. [CrossRef]
5. Mulhaupt, R. The Use of Renewable Resources—Possibilities and Limitations. Chim. J. Int. Chem. 1996, 50,
191–198.
6. Gordon, J.E. The New Science of Strong Materials, 2nd ed.; Penguin Books: London, UK, 1976.
7. Muthu, S.S. (Ed.) Textile Science and Clothing Technology Green Composites Processing, Characterisation and
Applications for Textiles; Springer Nature Sinapore Pte. Ltd.: Singapore, 2019. [CrossRef]
8. McMullen, P. Fiber/resin composites for aircraft primary structures: A short history, 1936–1984. Composites
1984, 15, 222–230. [CrossRef]
9. Dai, D.; Fan, M. Wood Fibers as Reinforcements in Natural Fiber Composites: Structure, Properties, Processing and
Applications; Woodhead Publishing Ltd.: Cambridge, UK, 2013. [CrossRef]
10. Jha, K.; Kataria, R.; Verma, J.; Pradhan, S. Potential biodegradable matrices and fiber treatment for green
composites: A review. AIMS Mater. Sci. 2019, 6, 119–138. [CrossRef]
11. Mann, G.S.; Singh, L.P.; Kumar, P.; Singh, S. Green composites: A review of processing technologies and
recent applications. J. Thermoplast. Compos. Mater. 2018, 33, 1145–1171. [CrossRef]
12. Chen, J. Global Markets and Technologies for Bioplastics; BCC Research Report PLS050E; BCC Research: Wellesley,
MA, USA, 2019.
13. Siakeng, R.; Jawaid, M.; Ariffin, H.; Sapuan, S.M.; Asim, M.; Saba, N. Natural fiber reinforced polylactic acid
composites: A review. Polym. Compos. 2018, 40, 446–463. [CrossRef]
14. Bajpai, P.K.; Singh, I.; Madaan, J. Development and characterization of PLA-based green composites: A review.
J. Thermoplast. Compos. Mater. 2014, 27, 52–81. [CrossRef]
15. Jem, K.J.; Tan, B. The development and challenges of poly (lactic acid) and poly (glycolic acid). Adv. Ind. Eng.
Polym. Res. 2020, 3, 60–70. [CrossRef]
16. Qi, X.; Ren, Y.; Wang, X. New advances in the biodegradation of Poly(lactic) acid. Int. Biodeterior. Biodegrad.
2017, 117, 215–223. [CrossRef]
17. Babu, R.P.; O’Connor, K.E.; Seeram, R. Current progress on bio-based polymers and their future trends.
Prog. Biomater. 2013, 2, 8. [CrossRef] [PubMed]
18. Rincon Lasprilla, A.J.; Rueda Martinez, G.A.; Lunelli, B.H.; Jaimes Figueroa, J.E.; Jardini, A.L.; Filho, R.M.
Synthesis and Characterization of Poly (Lactic Acid) for Use in Biomedical Field. Chem. Eng. Trans. 2011, 24,
985–990. [CrossRef]
19. Murariu, M.; Dubois, P. PLA composites: From production to properties. Adv. Drug Deliv. Rev. 2016, 107,
17–46. [CrossRef]
20. Auras, R.; Lim, L.-T.; Selke, S.E.M.; Tsuji, H. Poly Lactic Acid: Synthesis, Strucutes, Properties, Processing and
Applications; Wiley: Hoboken, NJ, USA, 2011.
Polymers 2020, 12, 2373 25 of 29
21. Lasprilla, A.J.; Martinez, G.A.; Lunelli, B.H.; Jardini, A.L.; Filho, R.M. Poly-lactic acid synthesis for application
in biomedical devices—A review. Biotechnol. Adv. 2012, 30, 321–328. [CrossRef]
22. Iannace, S.; Sorrentino, L.; Di Maio, E. Biodegradable biomedical foam scaffolds. In Biomedical Foams for
Tissue Engineering Applications; Woodhead Publishing Ltd.: Cambridge, UK, 2014. [CrossRef]
23. Hart, A.; Summerscales, J. Effect of time at temperature for natural fibers. Procedia Eng. 2017, 200,
269–275. [CrossRef]
24. Van De Velde, K.; Kiekens, P. Biopolymers: Overview of several properties and consequences on their
applications. Polym. Test. 2001, 99, 483. [CrossRef]
25. Yan, L.; Chouw, N.; Jayaraman, K. Composites: Part B Flax Fibre and Its Composites—A Review. Compos. PART
B 2014, 56, 296–317. [CrossRef]
26. Luo, Y.; Lin, Z.; Guo, G. Biodegradation Assessment of Poly (Lactic Acid) Filled with Functionalized Titania
Nanoparticles (PLA/TiO2) under Compost Conditions. Nanoscale Res. Lett. 2019, 14, 1–10. [CrossRef]
27. Sáez, A. Industrial Applications of Natural Gas; InTech Open: London, UK, 2010. [CrossRef]
28. Faruk, O.; Bledzki, A.K.; Fink, H.-P.; Sain, M. Progress Report on Natural Fiber Reinforced Composites.
Macromol. Mater. Eng. 2013, 299, 9–26. [CrossRef]
29. Thakur, V.K.; Thakur, M.K.; Gupta, R.K. Review: Raw Natural Fiber–Based Polymer Composites. Int. J.
Polym. Anal. Charact. 2014, 19, 256–271. [CrossRef]
30. Xie, Y.; Hill, C.A.S.; Xiao, Z.; Militz, H.; Mai, C. Silane coupling agents used for natural fiber/polymer
composites: A review. Compos. Part A Appl. Sci. Manuf. 2010, 41, 806–819. [CrossRef]
31. Asim, M.; Abdan, K.; Jawaid, M.; Nasir, M.; Dashtizadeh, Z.; Ishak, M.R.; Hoque, M.E.; Deng, Y. A Review
on Pineapple Leaves Fiber and Its Composites. Int. J. Polym. Sci. 2015, 2015, 1–16. [CrossRef]
32. Pacheco-Torgal, F.; Jalali, S. Cementitious building materials reinforced with vegetable fibers: A review.
Constr. Build. Mater. 2011, 25, 575–581. [CrossRef]
33. Girijappa, Y.G.T.; Rangappa, S.M.; Parameswaranpillai, J.; Siengchin, S. Natural Fibers as Sustainable and
Renewable Resource for Development of Eco-Friendly Composites: A Comprehensive Review. Front. Mater.
2019, 6. [CrossRef]
34. Gurunathan, T.; Mohanty, S.; Nayak, S.K. A review of the recent developments in biocomposites based on
natural fibers and their application perspectives. Compos. Part A Appl. Sci. Manuf. 2015, 77, 1–25. [CrossRef]
35. Khiari, R.; Mhenni, M.F.; Belgacem, M.N.; Mauret, E. Chemical composition and pulping of date palm rachis
and Posidonia oceanica—A comparison with other wood and non-wood fiber sources. Bioresour. Technol.
2010, 101, 775–780. [CrossRef]
36. Madakadze, I.C.; Masamvu, T. Evaluation of Pulp and Paper Making Characteristics of Elephant Grass
(Pennisetum purpureum Schum) and Switchgrass (Panicum virgatum L.). Afr. J. Environ. Sci. Technol. 2010, 4,
465–470. [CrossRef]
37. Ishak, M.; Sapuan, S.M.; Leman, Z.; Rahman, M.Z.A.; Anwar, U.M.K. Characterization of Sugar Palm
(Arenga pinnata) Fibers Tensile and Thermal Properties. J. Therm. Anal. Calorim. 2012, 109, 981–989. [CrossRef]
38. Jawaid, M.; Khalil, H.A. Cellulosic/synthetic fiber reinforced polymer hybrid composites: A review.
Carbohydr. Polym. 2011, 86, 1–18. [CrossRef]
39. Fazita, M.N.; Jayaraman, K.; Bhattacharyya, D.; Haafiz, M.M.; Saurabh, C.K.; Hussin, M.H.; Khalil, H.A.
Green Composites Made of Bamboo Fabric and Poly (Lactic) Acid for Packaging Applications—A Review.
Materials 2016, 9, 435. [CrossRef]
40. De Araujo, M.A.M.; de Sena Neto, A.R.; Hage, E., Jr.; Mattoso, L.H.C.; Marconcini, J.M. Curaua leaf fiber
(Ananas comosus var. erectifolius) reinforcing poly(lactic acid) biocomposites: Formulation and performance.
Polym. Compos. 2015, 36, 1520–1530. [CrossRef]
41. Pickering, K.; Efendy, M.A. Preparation and mechanical properties of novel bio-composite made of
dynamically sheet formed discontinuous harakeke and hemp fiber mat reinforced PLA composites for
structural applications. Ind. Crop. Prod. 2016, 84, 139–150. [CrossRef]
42. Khan, M.A.; Rahaman, M.S.; Jubayer, A.A.l.; Islam, J.M.M. Modification of Jute Fibers by Radiation-Induced
Graft Copolymerization and Their Applications. Cellul. Graft Copolym. Struct. Chem. 2015, 209–234. [CrossRef]
43. Cruz, J.; Fangueiro, R. Surface Modification of Natural Fibers: A Review. Procedia Eng. 2016, 155, 285–288. [CrossRef]
44. Mohanty, A.K.; Misra, M.; Dreal, L.T. Surface Modifications of Natural Fibers and Peformance of the Resulting
Biocomposite. Compos. Interfaces 2001, 8, 313–343. [CrossRef]
Polymers 2020, 12, 2373 26 of 29
45. Faruk, O.; Bledzki, A.K.; Fink, H.-P.; Sain, M. Biocomposites reinforced with natural fibers: 2000–2010.
Prog. Polym. Sci. 2012, 37, 1552–1596. [CrossRef]
46. Cho, D.; Lee, H.S.; Han, S.O. Effect of Fiber Surface Modification on the Interfacial and Mechanical Properties
of Kenaf Fiber-Reinforced Thermoplastic and Thermosetting Polymer Composites. Compos. Interfaces 2009,
16, 711–729. [CrossRef]
47. Asumani, O.; Reid, R.; Paskaramoorthy, R. The effects of alkali–silane treatment on the tensile and flexural
properties of short fiber non-woven kenaf reinforced polypropylene composites. Compos. Part A Appl.
Sci. Manuf. 2012, 43, 1431–1440. [CrossRef]
48. Ferreira, D.P.; Cruz, J.; Fangueiro, R. Surface Modification of Natural Fibers in Polymer Composites; Elsevier Ltd.:
Amsterdam, The Netherlands, 2019. [CrossRef]
49. Ho, M.-P.; Wang, H.; Lee, J.-H.; Ho, C.-K.; Lau, K.-T.; Leng, J.; Hui, D. Critical factors on manufacturing
processes of natural fiber composites. Compos. Part B Eng. 2012, 43, 3549–3562. [CrossRef]
50. Bodros, E.; Pillin, I.; Montrelay, N.; Baley, C. Could biopolymers reinforced by randomly scattered flax fiber
be used in structural applications? Compos. Sci. Technol. 2007, 67, 462–470. [CrossRef]
51. Herrmann, A.; Nickel, J.; Riedel, U. Construction materials based upon biologically renewable
resources—From components to finished parts. Polym. Degrad. Stab. 1998, 59, 251–261. [CrossRef]
52. Pickering, K.L.; Efendy, M.A.; Le, T.M. A review of recent developments in natural fiber composites and
their mechanical performance. Compos. Part A Appl. Sci. Manuf. 2016, 83, 98–112. [CrossRef]
53. Mohanty, A.K.; Khan, M.A.; Sahoo, S.; Hinrichsen, G. Effect of chemical modification on the performance of
biodegradable jute yarn-Biopol® composites. J. Mater. Sci. 2000, 35, 2589–2595. [CrossRef]
54. Van De Velde, K.; Kiekens, P. Effect of material and process parameters on the mechanical properties of
unidirectional and multidirectional flax/polypropylene composites. Compos. Struct. 2003, 62, 443–448. [CrossRef]
55. Van Voorn, B.; Smit, H.; Sinke, R.; De Klerk, B. Natural fiber reinforced sheet moulding compound.
Compos. Part A Appl. Sci. Manuf. 2001, 32, 1271–1279. [CrossRef]
56. Bajracharya, R.M.; Bajwa, D.S.; Bajwa, S.G. Mechanical properties of polylactic acid composites reinforced
with cotton gin waste and flax fibers. Procedia Eng. 2017, 200, 370–376. [CrossRef]
57. Georgiopoulos, P.; Kontou, E.; Georgousis, G. Effect of silane treatment loading on the flexural properties of
PLA/flax unidirectional composites. Compos. Commun. 2018, 10, 6–10. [CrossRef]
58. Zhang, L.; Li, Z.; Pan, Y.-T.; Yáñez, A.P.; Hu, S.; Zhang, X.-Q.; Wang, R.; Wang, D.-Y. Polydopamine
induced natural fiber surface functionalization: A way towards flame retardancy of flax/poly(lactic acid)
biocomposites. Compos. Part B Eng. 2018, 154, 56–63. [CrossRef]
59. Prasad, V.; Joseph, M.; Sekar, K. Investigation of mechanical, thermal and water absorption properties of
flax fiber reinforced epoxy composite with nano TiO2 addition. Compos. Part A Appl. Sci. Manuf. 2018, 115,
360–370. [CrossRef]
60. Akonda, M.; Alimuzzaman, S.; Shah, D.U.; Rahman, A.M. Physico-Mechanical, Thermal and Biodegradation
Performance of Random Flax/Polylactic Acid and Unidirectional Flax/Polylactic Acid Biocomposites. Fibers
2018, 6, 98. [CrossRef]
61. Bayart, M.; Gauvin, F.; Foruzanmehr, M.R.; Elkoun, S.; Robert, M. Mechanical and moisture absorption
characterization of PLA composites reinforced with nano-coated flax fibers. Fibers Polym. 2017, 18,
1288–1295. [CrossRef]
62. Georgiopoulos, P.; Christopoulos, A.; Koutsoumpis, S.; Kontou, E. The effect of surface treatment on the
performance of flax/biodegradable composites. Compos. Part B Eng. 2016, 106, 88–98. [CrossRef]
63. Xia, X.; Liu, W.; Zhou, L.; Hua, Z.; Liu, H.; He, S. Modification of flax fiber surface and its compatibilization
in polylactic acid/flax composites. Iran. Polym. J. 2016, 25, 25–35. [CrossRef]
64. Couture, A.; Lebrun, G.; Laperrière, L. Mechanical properties of polylactic acid (PLA) composites reinforced
with unidirectional flax and flax-paper layers. Compos. Struct. 2016, 154, 286–295. [CrossRef]
65. Foruzanmehr, M.; Vuillaume, P.Y.; Elkoun, S.; Robert, M. Physical and mechanical properties of PLA
composites reinforced by TiO 2 grafted flax fibers. Mater. Des. 2016, 106, 295–304. [CrossRef]
66. Bax, B.; Müssig, J. Impact and tensile properties of PLA/Cordenka and PLA/flax composites.
Compos. Sci. Technol. 2008, 68, 1601–1607. [CrossRef]
67. Kodal, M.; Topuk, Z.D.; Ozkoc, G. Dual Effect of Chemical Modification and Polymer Precoating of Flax
Fibers on the Properties of Short Flax Fiber/Poly(Lactic Acid) Composites. J. Appl. Polym. Sci. 2015, 132, 42564.
[CrossRef]
Polymers 2020, 12, 2373 27 of 29
68. Regazzi, A.; Léger, R.; Corn, S.; Ienny, P. Modeling of hydrothermal aging of short flax fiber reinforced
composites. Compos. Part A Appl. Sci. Manuf. 2016, 90, 559–566. [CrossRef]
69. Xia, X.; Shi, X.; Liu, W.; Zhao, H.; Li, H.; Zhang, Y. Effect of flax fiber content on polylactic acid (PLA)
crystallization in PLA/flax fiber composites. Iran. Polym. J. 2017, 26, 693–702. [CrossRef]
70. Memon, A.; Nakai, A. Fabrication and Mechanical Properties of Jute Spun Yarn/PLA Unidirection Composite
by Compression Molding. Energy Procedia 2013, 34, 830–838. [CrossRef]
71. Ji, S.G.; Hwang, J.H.; Cho, D.; Kim, H.-J. Influence of electron beam treatment of jute on the thermal properties
of random and two-directional jute/poly(lactic acid) green composites. J. Adhes. Sci. Technol. 2013, 27,
1359–1373. [CrossRef]
72. Singh, J.I.P.; Singh, S.; Dhawan, V. Effect of Curing Temperature on Mechanical Properties of Natural Fiber
Reinforced Polymer Composites. J. Nat. Fibers 2018, 15, 687–696. [CrossRef]
73. Du, S.; Peng, X.; Gu, H. Experimental investigation on fabrication and thermal-stamping of woven
jute/polylactic acid biocomposites. J. Compos. Mater. 2019, 53, 851–861. [CrossRef]
74. Rahman, M.M.; Afrin, S.; Haque, P.; Islam, M.M.; Islam, M.S.; Gafur, M.A. Preparation and Characterization
of Jute Cellulose Crystals-Reinforced Poly(L-lactic acid) Biocomposite for Biomedical Applications. Int. J.
Chem. Eng. 2014, 2014, 1–7. [CrossRef]
75. Chen, J.-C.; Lin, J.-C. Manufacturing and properties of cotton and jute fabrics reinforced epoxy and PLA
composites. Int. J. Mod. Phys. B 2018, 32, 1840084. [CrossRef]
76. Fujiura, T.; Sakamoto, K.; Tanaka, T.; Imaida, Y. A Study on Preparation and Mechanical Properties of Long
Jute Fiber Reinforced Polylactic Acid by the Injection Molding Process. WIT Trans. Built Environ. 2008, 97,
231–240. [CrossRef]
77. Arao, Y.; Fujiura, T.; Itani, S.; Tanaka, T. Strength improvement in injection-molded jute-fiber-reinforced
polylactide green-composites. Compos. Part B Eng. 2015, 68, 200–206. [CrossRef]
78. Yu, T.; Ding, D.; Sheng, C.; Tuerhongjiang, T.; Li, Y. Enhanced mechanical properties and flame retardancy of
short jute fiber/poly(lactic acid) composites with phosphorus-based compound. Sci. China Technol. Sci. 2017,
60, 1716–1723. [CrossRef]
79. Yu, T.; Tuerhongjiang, T.; Sheng, C.; Li, Y. Phosphorus-containing diacid and its application in jute/poly(lactic
acid) composites: Mechanical, thermal and flammability properties. Compos. Part A Appl. Sci. Manuf. 2017,
97, 60–66. [CrossRef]
80. Jiang, N.; Yu, T.; Li, Y.; Pirzada, T.J.; Marrow, T.J. Hygrothermal aging and structural damage of a jute/poly
(lactic acid) (PLA) composite observed by X-ray tomography. Compos. Sci. Technol. 2019, 173, 15–23. [CrossRef]
81. Chaitanya, S.; Singh, A.P.; Singh, I. Processing of Lignocellulosic Fiber-Reinforced Biodegradable Composites;
Elsevier Ltd.: Amsterdam, The Netherlands, 2017. [CrossRef]
82. Yu, T.; Li, Y.; Ren, J. Preparation and properties of short natural fiber reinforced poly(lactic acid) composites.
Trans. Nonferrous Met. Soc. China 2009, 19 (Suppl. 3), s651–s655. [CrossRef]
83. Dong, Y.; Ghataura, A.; Takagi, H.; Haroosh, H.J.; Nakagaito, A.N.; Lau, K.-T. Polylactic acid (PLA)
biocomposites reinforced with coir fibers: Evaluation of mechanical performance and multifunctional
properties. Compos. Part A Appl. Sci. Manuf. 2014, 63, 76–84. [CrossRef]
84. Plackett, D.; Andersen, T.L.; Pedersen, W.B.; Nielsen, L. Biodegradable composites based on l-polylactide
and jute fibers. Compos. Sci. Technol. 2003, 63, 1287–1296. [CrossRef]
85. Sawpan, M.A.; Pickering, K.L.; Fernyhough, A. Improvement of mechanical performance of industrial hemp
fiber reinforced polylactide biocomposites. Compos. Part A Appl. Sci. Manuf. 2011, 42, 310–319. [CrossRef]
86. Sawpan, M.A.; Pickering, K.L.; Fernyhough, A. Flexural properties of hemp fiber reinforced polylactide and
unsaturated polyester composites. Compos. Part A Appl. Sci. Manuf. 2012, 43, 519–526. [CrossRef]
87. Bajpai, P.K.; Singh, I.; Madaan, J. Comparative studies of mechanical and morphological properties of polylactic
acid and polypropylene based natural fiber composites. J. Reinf. Plast. Compos. 2012, 31, 1712–1724. [CrossRef]
88. Bajpai, P.K.; Singh, I.; Madaan, J. Tribological behavior of natural fiber reinforced PLA composites. Wear
2013, 297, 829–840. [CrossRef]
89. Huda, M.S.; Drzal, L.T.; Mohanty, A.K.; Misra, M. Effect of fiber surface-treatments on the properties of
laminated biocomposites from poly(lactic acid) (PLA) and kenaf fibers. Compos. Sci. Technol. 2008, 68,
424–432. [CrossRef]
90. Hu, R.-H.; Sun, M.-Y.; Lim, J.-K. Moisture absorption, tensile strength and microstructure evolution of short
jute fiber/polylactide composite in hygrothermal environment. Mater. Des. 2010, 31, 3167–3173. [CrossRef]
Polymers 2020, 12, 2373 28 of 29
91. Ben Amor, I.; Rekik, H.; Kaddami, H.; Raihane, M.; Arous, M.; Kallel, A. Effect of Palm Tree Fiber Orientation
on Electrical Properties of Palm Tree Fiber-reinforced Polyester Composites. J. Compos. Mater. 2010, 44,
1553–1568. [CrossRef]
92. Joseph, P.V.; Joseph, K.; Sabu, T. Effect of Processing Variables on the Mechanical Properties of Sisal
Fiber-Polypropylene Composites. Compos. Sci. 1999, 59, 1625–1640. [CrossRef]
93. Brahim, S.B.; Cheikh, R.B. Influence of Fiber Orientation and Volume Fraction on the Tensile Properties of
Unidirectional Alfo-Polyester Composite. Compos. Sci. Technol. 2007, 67, 140–147. [CrossRef]
94. Baghaei, B.; Skrifvars, M.; Salehi, M.; Bashir, T.; Rissanen, M.; Nousiainen, P. Novel aligned hemp fiber
reinforcement for structural biocomposites: Porosity, water absorption, mechanical performances and
viscoelastic behaviour. Compos. Part A Appl. Sci. Manuf. 2014, 61, 1–12. [CrossRef]
95. Delgado-Aguilar, M.; Oliver-Ortega, H.; Alberto Méndez, J.; Camps, J.; Espinach, F.X.; Mutjé, P. The role of
lignin on the mechanical performance of polylactic acid and jute composites. Int. J. Biol. Macromol. 2018, 116,
299–304. [CrossRef] [PubMed]
96. Russo, P.; Simeoli, G.; Papa, I.; Acierno, D.; Lopresto, V.; Langella, A. Low-Velocity Impact Behavior of Woven
Jute/Poly(Lactic Acid) Composites. AIP Conf. Proc. 2016, 1736, 020025. [CrossRef]
97. Jiang, N.; Yu, T.; Li, Y. Effect of Hydrothermal Aging on Injection Molded Short Jute Fiber Reinforced
Poly(Lactic Acid) (PLA) Composites. J. Polym. Environ. 2018, 26, 3176–3186. [CrossRef]
98. Ma, H.; Joo, C.W. Structure and mechanical properties of jute—Polylactic acid biodegradable composites.
J. Compos. Mater. 2011, 45, 1451–1460. [CrossRef]
99. Rajesh, G.; Prasad, A.V.R. Tensile Properties of Successive Alkali Treated Short Jute Fiber Reinforced PLA
Composites. Procedia Mater. Sci. 2014, 5, 2188–2196. [CrossRef]
100. Gunti, R.; Ratna Prasad, A.V.; Gupta, A.V.S.S.K.S. Preparation and properties of successive alkali treated
completely biodegradable short jute fiber reinforced PLA composites. Polym. Compos. 2015, 37,
2160–2170. [CrossRef]
101. Zafar, M.T.; Maiti, S.N.; Ghosh, A.K. Effect of surface treatments of jute fibers on the microstructural and
mechanical responses of poly(lactic acid)/jute fiber biocomposites. RSC Adv. 2016, 6, 73373–73382. [CrossRef]
102. Yu, T.; Hu, C.; Li, Y. Functionalization of Graphene and Its Influence on Mechanical Properties and Flame
Retardancy of Jute/Poly(lactic acid) Composite. J. Nanosci. Nanotechnol. 2019, 19, 7074–7082. [CrossRef]
103. Baheti, V.; Militky, J.; Marsalkova, M. Mechanical Properties of Poly Lactic Acid Composite Films Reinforced
with Wet Milled Jute Nanofibers. Polym. Compos. 2015, 38, 96–104. [CrossRef]
104. Baheti, V.; Mishra, R.; Militky, J.; Behera, B.K. Influence of noncellulosic contents on nano scale refinement of
waste jute fibers for reinforcement in polylactic acid films. Fibers Polym. 2014, 15, 1500–1506. [CrossRef]
105. He, H.; Tay, T.E.; Wang, Z.; Duan, Z. The strengthening of woven jute fiber/polylactide biocomposite without
loss of ductility using rigid core–Soft shell nanoparticles. J. Mater. Sci. 2018, 54, 4984–4996. [CrossRef]
106. Zafar, M.T.; Maiti, S.N.; Ghosh, A.K. Effect of surface treatment of jute fibers on the interfacial adhesion in
poly(lactic acid)/jute fiber biocomposites. Fibers Polym. 2016, 17, 266–274. [CrossRef]
107. Netravali, A.N.; Huang, X.; Mizuta, K. Advanced “Green” Composites, 1st ed.; Netravali, A., Ed.; Scrivener
Publications: Beverly, CA, USA, 2018. [CrossRef]
108. Netravali, A.N. Advanced green composites: New directions. Mater. Today Proc. 2019, 8, 832–838. [CrossRef]
109. Chow, W.S.; Ishak, Z.A.M. Smart polymer nanocomposites: A review. Express Polym. Lett. 2020, 14, 416–435.
[CrossRef]
110. Zhang, N.; Khan, T.; Guo, H.; Shi, S.; Zhong, W.; Zhang, W. Functionally Graded Materials: An Overview of
Stability, Buckling and Free Vibration Analysis. Adv. Mater. Sci. Eng. 2019, 2019, 1–18. [CrossRef]
111. Singh, R.; Bhavar, V.; Kattire, P.; Thakare, S.; Patil, S.; Singh, R.K.P. A Review on Functionally Gradient
Materials (FGMs) and Their Applications. IOP Conf. Ser. Mater. Sci. Eng. 2017, 229, 012021. [CrossRef]
112. Pereira, J.F.; Ferreira, D.P.; Pinho, E.; Fangueiro, R. Chemical and Biological Warfare Protection and
Self-Decontaminating Flax Fabrics Based on CaO Nanoparticles. Key Eng. Mater. 2019, 812, 75–83. [CrossRef]
113. Costa, S.M.; Ferreira, D.P.; Ferreira, A.; Vaz, F.; Fangueiro, R. Multifunctional Flax Fibers Based on the
Combined Effect of Silver and Zinc Oxide (Ag/ZnO) Nanostructures. Nanomaterials 2018, 8, 1069. [CrossRef]
[PubMed]
114. Ferreira, D.P.; Costa, S.M.; Felgueiras, H.P.; Fangueiro, R. Smart and Sustainable Materials for Military
Applications Based on Natural Fibers and Silver Nanoparticles. Key Eng. Mater. 2019, 812, 66–74. [CrossRef]
Polymers 2020, 12, 2373 29 of 29
115. Ferreira, D.P.; Ferreira, A.; Fangueiro, R. Searching for Natural Conductive Fibrous Structures via a Green
Sustainable Approach Based on Jute Fibers and Silver Nanoparticles. Polymers 2018, 10, 63. [CrossRef]
116. Boticas, I.; Dias, D.; Ferreira, D.P.; Magalhães, P.; Silva, R.; Fangueiro, R. Superhydrophobic cotton fabrics
based on ZnO nanoparticles functionalization. SN Appl. Sci. 2019, 1, 1–9. [CrossRef]
117. Todor, P.; Bulei, C.; Kiss, I. An Overview on Key Trends in Composite Materials Continuous Innovation and
Improvements with Focus on Composites Based on Cellulose Fibers. Acta Tech. Corviniensis-Bull. Eng. 2018,
11, 107–112.
118. Diestel, O.; Hausding, J. Pre-impregnated textile semi-finished products (prepregs). In Textile Materials for
Lightweight Constructions: Technologies—Methods—Materials—Properties; Springer: Berlin, Germany, 2016;
Chapter 11; pp. 1–677. [CrossRef]
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